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M icroRNAs (miRNAs) are small evolutionarily conserved noncoding RNA sequences that modulate a range of biological processes, 1 including cell death 2, 3 and inflammation. 4 They are approximately 22 to 25 nucleotides long and provide a second layer of posttranscriptional gene regulation by targeting messenger RNAs (mRNAs) for degradation or repression of translation, 5 and are found in abundance in the central nervous system (CNS). 6, 7 Age-related macular degeneration (AMD) is a progressive degenerative disease of the retina that causes irreversible vision loss and accounts for up to 50% of central blindness cases worldwide. The involvement of inflammatory processes in the pathogenesis of AMD was documented in the 1980s 8 and its central role confirmed by gene association studies. [9] [10] [11] Subsequently, a large number of inflammatory factors and cofactors, particularly in the complement pathways, have been implicated in the disease process (see review 12 ). The acute retinal light damage (LD) model in rats has features in common with dry AMD, 13, 14 including cell death and inflammation. 14 This model has been used to investigate the involvement of chemokines and macrophages in the progression of retinal degeneration. 15 Following LD, a lesion formed by the death of photoreceptors and atrophy of the RPE presents on the visual axis and enlarges over time, even in the absence of the damaging stimulus. 14 In this model photoreceptor death is associated with expression of chemokines by Müller glia, recruitment of macrophages, and deposition of C3, 16 and attenuation of macrophage recruitment, by silencing expression of the chemokine Ccl2, reduces photoreceptor cell death. 17 Similar patterns of chemokine expression, macrophage recruitment, C3 deposition, and photoreceptor cell death are present in the normally aging rat, 18 indicating that the model represents many of the features of normal aging of the retina.
Recent evidence supports the idea that miRNAs are involved in inflammation. 19, 20 Many miRNAs are rapidly upregulated in response to inflammatory cues and may either promote the duration and magnitude of inflammation 21 or silence it. 22 In this study we investigated the modulation of miRNAs in the rat LD model of focal retinal degeneration and explored the transcriptional profile of their target genes in the retina following LD, with a focus on identifying miRNAs that modulate expression of genes involved in the inflammatory response.
METHODS

Animals and Light Damage
Animal handling and treatment protocols were done in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research, and were approved by the Australian National University (ANU) Animal Ethics Committee. Sprague Dawley (SD) rats aged 90 to 140 postnatal days raised in dim (5 lux) cyclic light (''dim-reared'') were used for the study. Light damage was induced by exposure to bright light (1000 lux) from an overhead white fluorescent source (COLDF2 2 3 36W IHF; Thorn Lighting, Brisbane, Australia) for a period of 24 hours. Food was provided ad libitum. At the end of the exposure period animals were either euthanized immediately by intraperitoneal injection of barbiturate overdose (60 mg/kg bodyweight, Valabarb; Virbac, Carros, France), or were returned to dim light (5 lux) conditions for 3 or 7 days before euthanasia. Retinal tissue was collected immediately for analysis. Age-matched, dim-reared animals were used as controls. All experimental groups were n ¼ 5, unless otherwise stated.
Tissue Collection
The retina from the right eye of each animal was excised through a corneal incision and placed in RNAlater solution (Ambion Biosystems, Austin, TX, USA), stored at 48C overnight then transferred to À808C. The left eye from each animal was enucleated, the superior margin marked, then immersed in 4% paraformaldehyde for 3 hours at 48C. The anterior segment was removed, then the eye cups replaced in fresh 4% paraformaldehyde overnight at 48C, and subsequently prepared for paraffin embedding. Eyes were sectioned at 6 lm on a microtome on the vertical axis. Only sections containing the optic nerve were used for analysis.
RNA Extracted From Rat Retina
Total RNA was extracted from retinal samples using the mirVana miRNA isolation kit (Ambion Biosystems), according to manufacturer's protocol. The concentration of the RNA was determined by ND-1000 spectrophotometer (Nanodrop Technologies, Wilmington, DE, USA) and quality using the 2100-Bioanalyser (Agilent Technologies, Santa Clara, CA, USA). Only RNA samples with a A260/A280 ratio above 1.9 and an RNA integrity number (RIN) greater than 8.0 were used for the study. The RNA samples were stored at À808C before performing TaqMan miRNA array studies.
TaqMan miRNA Array and Analysis
The RNA from dim-reared control retinas and 24-hour lightexposed retinas were used for miRNA array card analysis. Total RNA (700 ng) from each animal was reverse transcribed to two different cDNA pools (each containing 350 ng of miRNAspecific cDNA) using the Megaplex RT Primers, Rodent Pool A and B Set v3.0 (Applied Biosystems, Carlsbad, CA, USA) and TaqMan miRNA RT kit (Applied Biosystems) according to manufacturer's protocol; a 7.5-lL reaction mixture, including 50 U Multiscribe Reverse Transcriptase and 20 U RNase inhibitor. Card A contains well characterized miRNAs in miRBase v16.0 (available in the public domain at www. mirbase.org), while B contains uncharacterized ones. Both A and B samples then were hybridized to the respective TaqMan Array Rodent MicroRNA Cards v3.0 (A and B), which are preconfigured microfluidic 384-well format plates. Each well in the microfluidic card consists of a TaqMan chemistry-based primer probe set for a unique miRNA or other RNA (control sequences). A total of 20 microRNA cards was run (10 A cards and 10 B cards). The microfluidic cards then were run on the ViiA 7 Real-time PCR machine (Applied Biosystems) to generate the raw expression data.
The expression data were compiled and analyzed using PARTEK Genomic Suite 6.6 software (Partek, Inc., St. Louis, MO, USA). Amplification data for the target miRNAs were first normalized by subtracting the endogenous control (Y1) values.
Differential expression was examined using the 1-way ANOVA statistic with a significance cutoff of P < 0.05. The statistical robustness of the expression data was visualized with principle component analysis (PCA), provided within the Partek Genomic Suite 6.6 software. MicroRNA expression distribution was visualized using the volcano plot tool embedded within the Partek software. A list of significantly regulated miRNAs was generated from the volcano plot by selecting for miRNAs that changed ‡2-fold and had a P value of <0.05. These highly modulated miRNAs were used for biological functional analyses using PARTEK Genomic Suite 6.6.
Biologic Functional Analyses
We used data from a previous microarray analysis, 23 identifying genes modulated by light damage in this same LD model, to monitor up-or downregulation of the predicted target genes of the miRNAs found to be significantly regulated in the present study. The pre-existing microarray data were imported into Partek along with the Affymetrix CEL files to compare the two expression data. The predicted targets were determined using TargetScan v6.2 embedded in the PARTEK Genomic Suite 6.6 software (Partek, Inc.). Then, the data were subjected to functional analysis via Gene Ontology (GO) enrichment provided in PARTEK Genomic Suite 6.6 and clustered according to biological processes.
Quantitative Real-Time PCR
The cDNA was synthesized using the TaqMan MicroRNA RT kit (Applied Biosystems) according to manufacturer's protocol; a 15-lL reaction mixture, including 500 ng to 1 lg RNA, 50 U Multiscribe Reverse transcriptase, 3 lL 53 miRNA specific RT primer and 3.8 U RNase Inhibitor. The miRNA amplification was measured using commercially available miRNA specific TaqMan hydrolysis probes (Applied Biosystems) detailed in Table 1 . The hydrolysis probes were used according to the manufacturer's directions in a 10-lL reaction mix along with TaqMan Gene Expression Mastermix and the cDNA. Fluorescence was measured by the FAM 510 nm channel in the 7900 HT Real-time PCR machine (Applied Biosystems), ROX passive reference dye present in the Gene Expression Mastermix was used to normalize samples in individual wells. Each biological sample was amplified in a technical replicate and the average critical threshold cycle (C t ) value was used to determine the change in expression. Fold change was calculated using the DDC t method, where target miRNAs were normalized to the expression of small nuclear RNA U6 (reference RNA), which showed no differential expression in this study. Gel electrophoresis was used to access amplification specificity, and statistical analysis was performed using 1-way ANOVA and 
Student's t-test, using Prism (GraphPad Software V5; GraphPad Software, Inc., La Jolla, CA, USA).
Analysis of Cell Death
We used the TUNEL labeling techniqueto quantify cell death over the LD time course, in retinal cryosections using a previously published protocol. 23 The TUNEL-positive cells in the outer nuclear layer (ONL) were counted across the full length of the retinal sections cut in the vertical meridian, including at the optic nerve head. Cells were counted at 1-mm intervals across retinal sections, the final count from each animal was averaged from at least two sections, with four or five animals analyzed for each experimental condition. Statistical analysis was performed using 1-way ANOVA and Student's t-test, using Prism (GraphPad Software V5). 
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RESULTS
TUNEL Analysis
There was an evident increase in the number of photoreceptor cells undergoing apoptosis following exposure to 24 hours of bright light, consistent with our previous reports (Fig. 1 ). This increase was more prominent in the superior retina approximately 2 mm superotemporal to the optic disc, shown in the representative image panels (Figs. 1A-D). We observed a peak in the number of TUNELþ cells in the ONL after 24 hours of bright light exposure followed by a significant decrease during the postexposure periods, 3 and 7 days, as well as a progressive thinning of the ONL/photoreceptor layer as described previously. 15 
MicroRNA Profiling
The PCA plot (Fig. 2) shows that the biological replicates are clustered close together and that the majority of variation between the Control and LD groups (50.3%) was due to LD, rather than inherent variability within the groups. The volcano plot (Fig. 3) shows that a large number of miRNAs were modulated up or down by LD. A list of candidate miRNAs (Table 2 ) was compiled by selecting those with a change of ‡2-or À2-fold, and P < 0.05. A total of 37 miRNAs of the 750 tested showed strong statistical significance and were selected for further analysis. The most highly upregulated miRNA was mmu-miR-467d (66-fold), while mmu-miR-1224_mat was the most downregulated (À16-fold). Of the 37 miRNAs, 26 were upregulated and 11 downregulated; 17 came from the miRNA array card A, which represents the better characterized miRNAs in miRBase v16.0 (available in the public domain at www.mirbase.org), while 20 were from the not-so-well characterized group on array card B.
Functional Analysis of miRNAs
Each miRNA targets multiple mRNAs; therefore, the list of predicted gene targets is much larger than the list of significantly regulated miRNAs. The list of gene targets (from the 2300 genes analyzed) of the 37 miRNAs were analyzed using PARTEK, to gain insight into their biological relevance by GO enrichment clustering based on ''biological processes.'' Through this process we identified the 10 most highly represented gene ontology clusters ( Table 3 ). The ''biological processes'' with the highest enrichment scores include positive regulation of cell proliferation (22.5502), inflammatory response (19.9534), positive regulation of transcription from RNA polymerase II promoter (19.7899), and angiogenesis (19.3955). Table 4 shows the 19 miRNAs associated with ''inflammatory response'' and identifies the 30 gene targets of those miRNAs. Functional clustering of those genes using the DAVID Bioinformatics annotation tool 6.7 identifies 7 of 30 genes clustering into two families of chemokines; the Ccl (3, 4, 7, and 12) and Cxcl (1, 10, and 11) families.
Temporal Expression of Inflammation-Associated miRNAs
Based on the expression signal-to-noise ratio (Critical F value ¼ 2.55), consistency across biological replicates, we selected eight miRNAs involved in regulating inflammatory responses for validation by quantitative PCR (qPCR). We tested the expression levels of miR-125-3p, miR-155, miR-207, miR-351, miR-449a, miR-542-3p, miR-467d, and rno-miR-347 at three time points: 24 hours of light exposure, and 3 and 7 days after exposure (Figs. 4A-C) . In addition to these, we verified the expression pattern of mRNA cluster miR-183/96/182 at the three time points (Fig. 4D) , which has been shown previously to express selectively in photoreceptors, is modulated in rodent models of retinal degenerations, and due to environmental light conditions. Two different expression patterns of the miRNA subset were detected across the time points. Five miRNAs (miR-207, -347, -125b-3p, -155, and -449a) reached peak expression at 3 days after exposure (Figs. 4A, 4B) ; in contrast, two miRNAs, (miR-542-3p and -351) were continuously upregulated over the time course (Fig. 4C ). We were unable to generate consistent fold change values for miR-467d across the biological replicates due to very high (end stage) C t cycle numbers.
MicroRNA cluster miR-183/96/182 exhibited a downward expression trend across the LD time points, with all three miRNAs showing significant reduction in expression at the 3-day time point. Only miR-183 and -96 expression reduced significantly at the 24-hour mark, while only miR-183 and -182 showed significant reduction at 7 days after LD.
DISCUSSION
The results of this study showed that miRNAs are modulated in response to LD. Indeed, two of the most highly regulated gene clusters targeted by these miRNAs are ''positive regulation of the transcription from RNA polymerase II promoter'' and ''negative regulation of DNA dependent transcription.'' This essentially reflects that light damage causes regulation of the retinal transcriptome. The other clusters include genes that regulate cell proliferation, cell adhesion, angiogenesis, and our target category, the inflammatory response. 
Features of the Light Damaged Retina
The LD-mediated retinal degeneration has been studied extensively since the landmark study of Noell et al. 24 in 1966. In LD, photoreceptors degenerate in the superotemporal portion of the rat retina, at the area centralis, where there is a peak density of cones, and ganglion cell density is at its highest. 25, 26 In this respect, the area centralis is homologous to the human macula. Furthermore, the protracted degeneration of photoreceptors and RPE cells triggered by LD in rat retina, and the associated breakdown of the blood retina barrier (BRB) mimic certain histopathological features of dry AMD. 13, 14, 27 Oxidative damage and inflammation have roles in the pathophysiology of light-induced retinal degeneration.
Cell Proliferation and Angiogenesis in LD. A surprising finding of the functional clustering analysis is the high representation of target genes involved in cell proliferation and angiogenesis, since neither of these functions feature prominently in the LD model. There are two possible explanations for this. The first is that, because a single miRNA can regulate translation of multiple genes, the list of ''target genes'' introduced into Partek for clustering is not necessarily the actual targets of the miRNAs we have identified. For example, miR-449a is enriched in ''inflammatory response'' and ''angiogenesis'' clusters exhibiting putative binding sites for interleukin 23 receptor mRNA, involved in the immune response, and angiopoietin-1 receptor mRNA, which facilitates blood vessel formation.
A second possibility is that genes in cell proliferation pathways and/or angiogenic pathways may be upregulated so that the tissues are induced into a ''pro-angiogenesis'' or ''proproliferation'' state, without activating all the genes required for angiogenesis or proliferation to take place. Proliferation of non-neuronal retinal cells (astrocytes, microglia, and Müller cells) has been well documented in retinal degenerations, including AMD as a response to intense retinal stress. [28] [29] [30] While angiogenesis has not been reported in the LD model previously, it is possible that leukostasis could cause local hypoxia leading to modulation of angiogenic factors, the effects of which might only be detected following much longer survival periods than explored here.
Cell Adhesion and Inflammation in LD. Cell adhesion has a role in a variety of different biological functions, including cell-cell interactions that are part of the immunological response. It now is well established that retinal degeneration that follows LD in this model is mediated by significant inflammatory processes, and the high representation of gene targets in this functional cluster might be expected on this basis. We have previously identified a range of inflammatory genes upregulated following LD. These include several that encode proteins of the complement system (CFD, C3, C1s, C4b, C5r1) along with several chemokines/cytokines (Ccl2, MCP-3, A21a, A6) 16 ,17,31-33 involved in recruitment of macrophages, monocytes, and other leucocytes. Some also have been associated with AMD, including C3, Ccl2, and Cx3CL1.
34-36
Expression Time Course of miRNas After Light Exposure
In this study, we find 8 of 37 miRNAs that are involved in various aspects of regulation of the immune response. Further, our qPCR findings showed that seven of these are modulated across the 7-day time course of the experiment. The MiR-467d showed inconsistent and/or undetectable fold change values across the time course, potentially due to low target abundance. Hence, its significant upregulation in the miRNA array analysis could be attributed to a false-positive result as a result of the ''Monte Carlo effect.'' 37 While all seven of the eight selected miRNAs are upregulated after 24 hours of light damage, in parallel with the TUNEL-positive cells in the ONL, only two (351 and 542-3p) continued to rise beyond 3 days of exposure. Those that reached peak expression at 3 days most likely have roles in the acute phase of retinal damage, while 351 and 542-3p are more likely to mediate changes in the retinal environment during the postacute phase of degeneration in this model. While miR-351 is associated with neuronal and myogenic progenitor cell differentiation, 38, 39 and miR-542-3p has been reported to inhibit tumor angiogenesis, 40 their roles in retinal remodeling after LD remain to be determined.
The long-term effects of acute bright light exposure are well known 13, 14 and these new data provide insight into genes that may be key players during this phase. The targets of these two miRNAs include the chemokines CXCL1 and 10, IL6, TNF, and CD276. Chemokines CXCL1 and 10 are small molecules belonging to the CXC chemokine family and function as chemoattractants responsible for leukocyte trafficking. While not much is known about their role in AMD or light-induced retinal degeneration, they have been shown to facilitate the recruitment of lymphocytes to lesion site in atherosclerosis and other inflammatory conditions of the cardiovascular system. 41 Both IL6 and TNF are potent proinflammatory cytokines implicated in a wide variety of inflammationassociated disease states. Of these TNF-a (one of the most common forms of TNF) has been looked at extensively in AMD and shown to express readily by macrophages present in the choroidal neovascular (CNV) membranes of AMD patients. 42 Additionally, anti-TNF agents are being used currently as a therapeutic strategy for wet AMD. 43 Five miRNA demonstrate peak expression at 3 days after exposure. Of particular interest is the upregulation of miR-155 (increased 55-fold), which facilitates the inflammatory response 44 and targets complement factor H (CFH), 45 a major inhibitor of the alternative complement pathway. The Y402H SNP in the CFH gene is a major risk factor for AMD and multiple variants confer elevated or reduced risk of the disease. 9, 11 MicroRNA-155 binds directly to the 3 0 -UTR of CFH to facilitate activation of the complement pathway in Alzheimer's disease. 46 In vitro, miR-155 favors the proinflammatory (M1) polarization of immune cells by repressing expression of anti-inflammatory (M2) characteristic proteins, 47, 48 and miR-155-deficient mice have a reduced inflammatory macrophages response. 21 Peak expression of miR-155 in this model at 3 days after light exposure, correlates well with MicroRNA-207 is upregulated in response to neurotrophins, 49 that promote photoreceptor cell survival. 50 Peak expression of mir-207 at 3 days may reflect an attempt by the retina to protect its remaining photoreceptor cell population. In addition, upregulation of miR-207 might sustain the downregulation of one of its predicted targets carbohydrate (N-acetylglucosamine-6-O) sulfotransferase 2 (Chst2), which stimulates the formation of L-selectins on vascular endothelial cell surfaces, to mediate adhesion of lymphocytes around the sites of inflammation. 51 Less is known about miR-125b-3p, which also had peak expression at 3 days after light exposure, and recently been shown to be a potential biomarker for inflammatory bowel disease. 52 Two other miRNAs reaching peak expression at 3d are miR-347 and miR-449a. Neither has been implicated previously in modulating the inflammatory immune response. MicroRNA-347 promotes neuronal apoptosis 53 and miR-449a is a known tumor suppressor that promotes cell death. 54, 55 Our analysis showed that all five miRNAs have putative binding sites in the 3 0 UTR s of chemokine, cytokine, and other inflammatory effector proteins ( Table 4 ), indicating that further characterization of their roles in inflammation is warranted.
It is evident from the above expression profiles that the majority of the inflammation related miRNAs show a rapid and sustained increase in expression due to bright light exposure, implying a stricter translational control of their respective targets. However, we know from our previous studies that many cytokines and chemokines (including the ones identified as targets in this study) exhibit increased expression due to bright light exposure. 15, 23 This discrepancy in the expression levels of miRNAs and their target genes could be a facet of the complex regulatory networks, compensatory or otherwise, that are at play inside cells/tissues during ageing, disease, and/ or damage. Furthermore, there is a growing body of evidence supporting the hypothesis that expression levels of some miRNAs may be directly proportional to the amount of target sites available. A phenomenon known as ''target mediated miRNA protection'' (TMMP). 56 We also analyzed the expression pattern of miRNAs of the miR183/96/182 cluster (Fig. 4D) , which have been shown to occur selectively in the photoreceptor layer. Previous studies have implied the role of this cluster in normal photoreceptor morphogenesis and functioning, maintaining the retinal circadian cycle and having a protective role in bright lightinduced retinal degeneration. 57, 58 Unlike Zhu et al., 59 who showed an upregulation of these miRNAs due to environmental light conditions (30-minute exposure to 10,000 lux light), our model showed a downward expression trend under a more sustained (24-hour) exposure of bright (1000 lux) light. This discrepancy could be due to the more chronic degenerative state of the retina in our experimental paradigm inherent in retinal degenerations.
CONCLUSIONS
In this study, we identified 37 miRNAs upregulated by LD, including seven that regulated the inflammatory response, which is a key mediator of retinal degeneration in this model, and in AMD. The miRNAs are endogenously-occurring molecules that can be safely introduced in vivo without triggering a nonspecific immune response. Because these miRNAs regulate multiple genes and pathways simultaneously, they provide new Cxcl11 Chemokine (C-X-C motif) ligand 11 mmu-miR-509-3p
Gal Galanin prepropeptide mmu-miR-542-3p
Ccl12 Chemokine (C-C motif) ligand 12 mmu-miR-685
Nfkbiz Nuclear factor of j light polypeptide gene enhancer in B-cells inhibitor, f rno-miR-347
Ccl7 Chemokine (C-C motif) ligand 7 mmu-miR-300
Cxcl10 Chemokine (C-X-C motif) ligand 10 mmu-miR-715
Il6 Interleukin 6 mmu-miR-720
Tnf Tumor necrosis factor mmu-miR-220
Ccl3 Chemokine (C-C motif) ligand 3 mmu-miR-582-3p
Cxcl1 Chemokine (C-X-C motif) ligand 1 Spn Sialophorin Hmox1
Heme oxygenase (decycling) 1 Agt Angiotensinogen Jak2
Janus kinase 2 Sbno2
Strawberry notch homolog 2 Clcf1
Cardiotrophin-like cytokine factor 1 Zfp36
Zinc finger protein 36 Cd276
CD276 antigen Ier3
Immediate early response 3 Pla2g4a
Phospholipase A2, group IVA Alox5ap
Arachidonate 5-lipoxygenase activating protein potential therapeutic targets with far-reaching biological outcomes suitable for management of complex retinal disorders, like AMD.
